Background: Diet can affect kidney health through its effects on inflammation.
Introduction
Chronic kidney disease (CKD) 11 is a systemic disease with a poor prognosis and elevated health care costs. Effective measures for CKD prevention are lacking in part due to insufficient understanding of the causes that drive kidney dysfunction. CKD is characterized by a state of chronic low-grade inflammation commonly expressed by a persistent slightly elevated serum C-reactive protein (CRP) concentration (1, 2) . Inflammation together with coagulation disorders and neutrophil-endothelium interactions are thought to contribute to the pathogenesis of kidney injury, potentially leading to chronically impaired kidney function (3) (4) (5) . Multiple inflammatory biomarkers have been shown to be associated with declining renal function and the risk of developing CKD in the community (6) (7) (8) .
Diet may play a central role in the regulation of chronic inflammation (9, 10) and possibly also in kidney health. Nutrients that are considered anti-inflammatory, such as n-3 PUFAs, fiber, or vitamins (11) (12) (13) (14) , were associated with better kidney function, lower risk of albuminuria, and slower kidney function decline (14) (15) (16) . Conversely, nutrients assumed to have proinflammatory effects, such as SFAs or sugar (17, 18) , were linked to worsening kidney function (19, 20) .
Nutrients are not consumed in isolation but as part of the diet. The overall balance in the intakes of proinflammatory and antiinflammatory nutrients may affect systemic inflammatory levels. Cavicchia et al. (21) originally estimated diet-inflammatory weights for different dietary components on the basis of a systematic literature review. On the basis of these weights, van Woundenbergh et al. (22) developed and validated the Adapted Dietary Inflammatory Index (ADII). Previous studies associated proinflammatory dietary patterns with the severity and occurrence of various diseases such as asthma, cardiovascular disease, diabetes, cancer, and depression (23) (24) (25) (26) . Whether such diets are associated with kidney function/dysfunction is unknown. In this study, we applied the ADII to a large cohort of community-dwelling elderly Swedish men and women. We hypothesized that a proinflammatory diet is associated with kidney dysfunction and furthermore that such a link could be due to dietary effects on chronic low-grade inflammation.
Methods
Study population. This was a cross-sectional analysis combining 2 community-based cohorts: the Uppsala Longitudinal Study of Adult Men (ULSAM) and the Prospective Investigation of Vasculature in Uppsala Seniors (PIVUS) (27, 28) . We combined both cohorts because they had followed similar data collection and research protocols. The vast majority of individuals (96%) were born in Sweden, and most of the remaining 4% of individuals were born in other European countries. Results are also presented for the 2 separate cohorts in the online supporting material. All participants gave written consent, and the Ethics Committee of Uppsala University approved the study.
Briefly, the ULSAM was initiated in 1970-1974, when all 50-y-old men living in Uppsala, Sweden, were invited to participate in a health survey. Participants returned for re-examinations at 60, 70, 77, and 82 y of age. The present study is based on the third ULSAM examination cycle, when all participants were 70-71 y old (n = 1221; examinations performed during 1991-1995) and when 7-d estimated dietary records were collected for the first time. As many as 8% of individuals were living alone, and all of these individuals were free-living and not in nursing homes or similar institutions. Exclusion criteria were as follows: unavailable data on dietary records (lack of reporting dietary record; n = 83) and serum cystatin C or creatinine (n = 36) and extreme values of reported energy intake (<765 or >4300 kcal/d; n = 5), leaving a total of 1097 ULSAM participants for this analysis.
During 2001-2004, the PIVUS invited all 70-y-old individuals (men and women) living in Uppsala, Sweden, to participate in a similar survey with common protocols to ULSAM. PIVUS initially recruited 1016 individuals (507 men and 509 women). Information on marital status or the presence of a living companion was not available, but all participants reported to be free-living. Exclusion criteria for this study were as follows: unavailable data on dietary records (lack of reporting dietary record; n = 142) and serum cystatin C or creatinine (n = 25) and extreme values of reported energy intake (<765 or >4300 kcal/d; n = 4), leaving a total of 845 (422 women) PIVUS participants for this analysis. Together, the joint population for analysis comprised 1942 (22% women) individuals.
Definition of exposure: calculation of the ADII. Dietary nutrients were evaluated by 7-d dietary records by using a precoded menu book, previously designed and validated by the Swedish National Food Administration (29) . The dietary record consisted of structured openended diaries containing predefined food groups at 6 food occasions (breakfast, lunch, dinner, and 3 snacks). The diary contained a written example and photos of meal sizes for future reference. During a 7-d period, all consumed foods and drinks had to be reported with notification of date and place of consumption; estimated consumed quantity expressed as a household measure, unit, or weight; specification; and, if present, a brand name. The participants were given oral instructions by a dietitian on how to perform the dietary registration. The daily intake of energy and selected nutrients was thereafter calculated by use of a computerized program based on food composition tables from the Swedish National Food Administration, which contains ;1500 food items, drinks, and recipes that are most common in Sweden. Information on the intake of dietary supplements was not recorded.
We calculated the ADII score (22) by multiplying the dietary inflammatory weights (21) of 26 nutrients/food items. Subsequently, these values were summed. Details on the adaptations and modifications to the ADII score in our study are shown in Supplemental Table 1 and are as follows: first, we adjusted the daily intake of macro-and micronutrients for total energy intake by regression analysis of the residual method (30) in order to reduce the between-person variation in dietary intake; second, we excluded some nutrients that were not available in our records (trans FAs, quercetin, genistein, epicatechin, luteolin, daidzein, cyanidin, garlic, ginger, saffron, and turmeric). In addition, tea was not included in the ULSAM due to excessive missing data. The family of n-6 PUFAs was considered to be proinflammatory in the original scorings (21, 22) . However, this approach can be questioned because evidence for a proinflammatory effect of n-6 PUFAs is lacking or contradictory (31, 32) . In the current study, we therefore separated n-6 PUFAs into the potentially proinflammatory arachidonic acid (20:4n26) and the neutral or anti-inflammatory linoleic acid (18:2n26) (31, 32) . The caffeine content was estimated to be 68 mg/100 mL coffee and 20 mg/100 mL tea (only available in PIVUS) (22) . Standardization of nutrients was performed by subtracting the mean intake of the population from the individual intake and dividing the difference by the SD of the study population (z score) to equilibrate the intakes of all nutrients to the same unit.
Definition of outcomes: CRP and kidney function. Venous blood samples were drawn after an overnight fast and stored at 270°C until required for analyses. Assays were performed at the Department of Clinical Chemistry, University Hospital, Uppsala. Serum CRP measurements were performed by latex-enhanced reagent (Siemens) by using a Behring BN ProSpec analyzer (Siemens). Serum cystatin C (cys) was measured by latexenhanced reagent (ULSAM: N Latex Cystatin C; Siemens; PIVUS: Gentian) with a BN ProSpec analyzer (Siemens) in ULSAM and an Architect Ci8200 (Abbott Laboratories) in PIVUS. Serum creatinine (crea) was measured with spectrophotometry by using JaffeÕs reaction (ULSAM: reagents from Boehringer Mannheim; the Hatachi 717 instrument (Hatachi); PIVUS: Architect Ci8200 analyzer from Abbott) (27, 28) . The estimated glomerular filtration rate (eGFR) was calculated from serum cystatin C and serum creatinine by the CKD-EPI cys and combined CKD-EPI cys+crea equations (33, 34) . In ULSAM only, albuminuria was calculated according to the amount of albumin in the urine collected during the night. Participants were instructed to void immediately before going to bed and to record the time. All samples during the night and the first sample of urine after rising were collected and used for the analysis. The results are expressed as micrograms per minute. The assay used a commercially available RIA kit (Albumin RIA 100; Pharmacia).
Covariates. BMI was calculated as body weight in kilograms divided by height in meters squared. Smoking was defined as current vs. nonsmoking. Exercise habits were self-reported as sedentary, moderate, regular, or athletic. Hypertension was defined as office blood pressure $140/90 mm Hg or the use of antihypertensive medication. Diabetes was defined as fasting plasma glucose $126 mg/dL (7.0 mmol/L), 2-h postload glucose $200 mg/dL (11.1 mmol/L), or the use of oral hypoglycemic agents or insulin. The use of lipid-lowering medication was collected by using a medical questionnaire according to the, at that time, list of pharmaceutical specialties available in Sweden (Farmacevtiska specialiteter i sverige 1992/1993).
Statistical analyses. Values are expressed as means 6 SDs for normally distributed continuous variables, medians (IQRs) for skewed variables, or percentages of the total for categorical variables. The JonckheereTerpstra test was used to assess linear trends across ADII tertiles, and P-trend was reported. CRP and eGFR were log e -transformed to improve their distribution toward normal. To provide more insight into the contribution of the individual components to the total ADII, the contribution of these to the variation between participants in the ADII was assessed by forward linear regression. Figure 1 describes the associations and mediation analyses hypothesized and tested in this study. Our first analysis aimed at validating the ADII against serum CRP concentrations in our population. Second, we investigated whether CRP was, in agreement with previous literature, inversely correlated with eGFR. Finally, we established the association between the ADII and eGFR. These analyses were performed by a series of multivariable regression analyses that considered the following confounders: age, sex, BMI, smoking, physical activity, hypertension, type 2 diabetes, use of lipid-lowering medication, total energy intake, and cohort (ULSAM or PIVUS).
To investigate the mediating role of inflammation, serum CRP was included in addition to the covariates mentioned above in the regression model of ADII-eGFR. Because overeating and unhealthy eating lead to obesity, and obesity is a risk factor for kidney dysfunction, we also investigated whether the association between the ADII and eGFR was attributed to CRP independent of BMI. To test this, both CRP and BMI were simultaneously added to the full model. In addition, we also used the multiple-mediation analysis as described by Preacher and Hayes (35, 36) . Data are expressed as regression coefficients (b) and 95% CIs. Analyses are also reported in each cohort separately as Supplemental Tables 2-6. P < 0.05 was regarded as significant. All statistical analyses were performed by using STATA version 12.0.
Results
General characteristics. ADII scores ranged from 212.0 to 16.1. The nutrients that explained most of the variation between participants in their ADII scores are listed in Supplemental Table  2 and are, principally, b-carotene, magnesium, SFAs, carbohydrates, and n-3 PUFAs. Table 1 shows dietary characteristics according to tertiles of ADII. Dietary total fat, SFAs, MUFAs, and cholesterol were higher with higher ADII tertiles. The intakes of n-3 PUFAs, protein, carbohydrate, fiber, ethanol, caffeine, tea, vitamins, iron, magnesium, selenium, and zinc were lower with higher ADII tertiles.
Clinical and biochemical characteristics of the study population according to this grouping are shown in Table 2 . Across increasing tertiles of ADII, participants tended to more often be men, to smoke, and to report lower physical activity. At the same time, the proportion of diabetics and use of lipid medication were lower, likely in relation to the dietetic restrictions often accompanying these conditions. The eGFR was lower across increasing ADII tertiles, and CRP concentrations were higher.
Multivariable associations and mediation analysis. An increment of 1 SD in the ADII (i.e., 3.26 units) was associated with a 6% (95% CI: 1%, 10%) higher serum CRP concentration in multivariable models ( Table 3) . CRP was also independently associated with lower eGFR by both the CKD-EPI cys (adjusted b: 25%; 95% CI: 26%, 24%; P < 0.001) and CKD-EPI cys+crea (24%; 95% CI: 24%, 23%; P < 0.001) equations. These Table 4 ; model 1). After inclusion of BMI, b values remained similar. After inclusion of CRP, however, associations were attenuated (CKD-EPI cys : 21.8%; 95% CI: 22.9%, 20.7%; P = 0.002; CKD-EPI cys+crea : 21.6%; 95% CI: 22.4%, 20.7%; P = 0.001). Mediation analyses indicated that the association between ADII and eGFR was significantly attenuated by the inclusion of CRP (path a 2 3 b 2 ; CKD-EPI cys : 20.4%; 95% CI: 20.6%, 20.1%; P = 0.01; CKD-EPI cys+crea : 20.2%; 95% CI: 20.4%, 20.1%; P = 0.01). In other words, of the total effect of ADII on kidney function, 17% was mediated by CRP in the case of the CKD-EPI cys equation and 15% in the case of the CKD-EPI cys+crea equation. BMI did not mediate this association.
Supplemental Tables 3-6 repeat preceding analyses in each separate cohort. In both cohorts, the ADII was directly associated with CRP concentrations and inversely with eGFR. In both cohorts, CRP was inversely associated with eGFR. In the ULSAM, mediation analyses showed that the association between the ADII and eGFR was significantly attenuated by the inclusion of CRP. A nonsignificant trend (P = 0.08) was observed in the mediation analysis of PIVUS.
Discussion
This cross-sectional study in elderly community-dwelling Swedish men and women has 2 main novel findings. First, ADII score was associated with increased serum concentrations of CRP. Second, a proinflammatory diet was associated with reduced renal function. The significant mediating role of serum CRP in the association between the ADII and eGFR suggests that inflammation might be one of the pathways through which diet can affect kidney function.
In line with the observations of van Woudenbergh et al. (22) in a Dutch population, we report a similar ADII score range and 1 CRP was log e -transformed to improve its distribution toward normal; therefore, when the ADII was 1 SD higher, CRP was b 3 100% higher or lower. eGFRs were log etransformed to improve their distribution toward normal; therefore, when the log e CRP was 1 unit higher, the markers of kidney function were b 3 100% higher or lower. ADII, Adapted Dietary Inflammatory Index; CKD-EPI, Chronic Kidney Disease-Epidemiology Collaboration; crea, creatinine; CRP, C-reactive protein; cys, cystatin C; eGFR, estimated glomerular filtration rate. 2 The adjusted model considered energy intake, age, sex, BMI, smoking status, physical activity, hypertension, diabetes, use of lipid-lowering medication, and cohort (Uppsala a positive association of ADII and serum CRP concentration among elderly community-dwelling Swedish men and women. Our analysis thus contributes to expand the external validity of this novel scoring to north European populations with purportedly different dietary patterns and habits. The reason we chose the ADII in our study was the possibility to use energy-adjusted and standardized intakes of nutrients, therefore making interpopulation comparisons easier and more intuitively appealing because they relate to what people actually eat in a variety of human populations. Other dietary scores have been associated with markers of inflammation in the community, including the Dietary Inflammatory Index (21, 23), the Western diet (37), the Mediterranean diet score (38) , and the Healthy Eating Index (39) . These patterns share some similarities worth emphasizing, because they all, to some extent, consider health effects of reduced intakes of animal fat and increased intakes of fiber-rich products such as whole grains and fruit and vegetables. These food groups are, respectively, major dietary sources of saturated fat, minerals (e.g., magnesium), and vitamins (e.g., b-carotene), which are nutrients that explained most of the interindividual variance in the ADII in our study. A novel finding in our analysis is the negative association between the ADII and measures of kidney function, irrespective of lifestyle factors, comorbidities, and overall calorie intake. Our mediation analyses suggested that this association was explained in part by systemic inflammation. Because we here address a dietary pattern, speculating on the effect of specific single nutrients may not be appropriate. However, previous literature analyzing dietary patterns in the community may indirectly support our findings. For instance, adherence to the ''proinflammatory'' Western diet (40) was associated with an increased risk of albuminuria and more rapid eGFR decline among participants of the NursesÕ Health Study (41) . Conversely, the ''anti-inflammatory'' Healthy Eating Index (39) was associated with a lower risk of albuminuria and eGFR decline in diabetics (14) . Although interventional trials demonstrated the anti-inflammatory effects of a Mediterranean diet (42) , adherence to such a diet has been linked to better kidney function in a cross-sectional analysis (43) and with subtle improvement in renal function after a 1-y intervention in elderly individuals at high risk of ischemic heart disease (44). Our conclusions are limited by the cross-sectional nature of the study, and attempts to address causality are here based on the use of mediation analyses and causal inference, which cannot replace the need for interventional studies (45) . Thus, our study should be regarded as a hypothesis-generating study, which, although plausible, appealing, and sound and justified by preceding evidence, requires follow-up and further investigation before dietary recommendations can be derived.
Strengths of this study include its large homogenous, community-based cohort, the use of 7-d dietary records, and multiple mediation analyses (45) . Limitations were as follows: with regard to the study design, the inclusion of Swedish Caucasian individuals aged 70-71 y limits the generalizability of our results to other ethnic groups or to younger ages, and the voluntary screening nature of the cohort recruitment may introduce selection bias. With regard to the exposure, we acknowledge that the ADII and similar scores are valuable proofs-of-concept but are based on available evidence and will likely require revision and updating as we better understand and clarify the role of nutrients on inflammatory pathways. In this study, for example, we have made a case for the inconsistent evidence regarding the effects of some n-6 PUFAs (arachidonic and linoleic acids) on inflammation. In our study, the intakes of some dietary components included in the original ADII could not be calculated from our food records. However, the variation in intakes of those specific micronutrients is expected to be low among Swedish elderly, and their weight contribution to the ADII scoring is also low. Finally, we lacked information on the intake of dietary supplements, which could affect the overall amount of proinflammatory/anti-inflammatory nutrients consumed. With regard to the outcome, we did not assess glomerular filtration rate but instead estimated it from cystatin C and/or creatinine CKD-EPI equations. Nevertheless, this is the established practice in large cohorts and any potential bias in over-/underestimation would most likely represent a conservative bias of our risk estimates. The stringent inclusion criteria rendered a narrow eGFR range, which may have been underestimated in the case of diabetic individuals with possible hyperfiltration. As such, other measures of kidney function would have been preferred, such as albuminuria, but this was not available in the PIVUS. Further multivariable adjustment for albuminuria in the ULSAM, nevertheless, did not materially diminish the associations reported. Finally, unmeasured confounding and errors during participantsÕ completion of food records or the assessment of confounders may introduce bias, a weakness that is inherent to dietary recall research methodology and to any epidemiologic study.
In conclusion, a proinflammatory diet, as assessed by the ADII, was associated with systemic inflammation and reduced renal function in a community-based population of elderly Swedish individuals. The significant mediating role of serum CRP in the association between the ADII and kidney function suggests that inflammation might be one of the pathways through which a prudent diet may lead to kidney dysfunction. Inference analysis of diet, CRP, and eGFR 733
Further studies are warranted to verify our findings in other populations and to evaluate the effects of proinflammatory diets on kidney function decline and CKD risk.
